















学校编码：10384 密级     
学号：22620101151386  
  
硕  士  学  位  论  文 
采用新型药剂配方稳定化处理垃圾焚烧 
飞灰中的重金属研究 
Stabilization of Heavy Metals in Municipal Solid Waste 
Incineration Fly Ash with New Reagent 
 
顾磊 
 指导教师姓名： 郁昂助理教授 
 专  业 名 称： 环境科学 
 论文提交日期： 2013 年 05 月 






























究    
顾




































另外，该学位论文为（                          ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：              
























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）：             















目  录 
摘要 ............................................................................................................. I 
Abstract ..................................................................................................... III 
第 1 章 引言 .............................................................................................. 1 
1.1 立题背景.......................................................................................................... 1 
1.1.1 城市生活垃圾的产生及处理现状........................................................ 1 
1.1.2 飞灰的产生............................................................................................ 2 
1.1.3 飞灰的危害............................................................................................ 2 
1.2 研究进展.......................................................................................................... 4 
1.2.1 飞灰的特性............................................................................................ 4 
1.2.2 飞灰成分的浸出.................................................................................... 6 
1.2.3 飞灰浸出毒性的评价方法.................................................................... 6 
1.2.4 处置垃圾焚烧飞灰的相关政策法规.................................................... 9 
1.2.5 垃圾焚烧飞灰固化稳定化技术现状.................................................. 11 
1.2.6 化学稳定药剂的比较.......................................................................... 19 
1.2.7 采用含特殊基团的有机化学稳定药剂化处理垃圾焚烧飞灰中的重
金属................................................................................................................ 20 
1.3 论文的研究目的、意义及内容.................................................................... 21 
1.3.1 论文的研究目的及意义...................................................................... 21 
1.3.2 研究内容.............................................................................................. 22 
第 2 章 材料与方法 ................................................................................ 24 
2.1 实验仪器、药品及处理对象........................................................................ 24 
2.1.1 实验仪器和药品.................................................................................. 24 
2.1.2 处理对象.............................................................................................. 24 
2.2 实验方法与技术路线.................................................................................... 25 
2.2.1 飞灰样品预处理实验.......................................................................... 25 
2.2.2 稳定化药剂的选择.............................................................................. 25 















2.2.4 重金属离子毒性浸出实验.................................................................. 26 
2.2.5 飞灰的表面微观结构表征.................................................................. 28 
2.2.6 实验设计路线...................................................................................... 28 
2.2.7 处理后样品中重金属含量检测及数据分析...................................... 29 
第 3 章 单种药剂稳定重金属研究 ........................................................ 32 
3.1 样品分析前处理............................................................................................ 32 
3.2 垃圾焚烧飞灰中重金属总量分析................................................................ 32 
3.3 单一药剂稳定处理法.................................................................................... 33 
3.3.1 飞灰稳定化处理.................................................................................. 33 
3.3.2 飞灰毒性浸出结果.............................................................................. 34 
3.4 结果与分析.................................................................................................... 36 
3.4.1 四种药剂稳定厦门飞灰结果分析...................................................... 36 
3.4.2 重金属浸出总摩尔数变化情况分析.................................................. 39 
3.4.3 总处理效果特征分析.......................................................................... 40 
3.5 本章小结........................................................................................................ 40 
第 4 章 多种药剂混合稳定重金属研究 ................................................ 42 
4.1 同性质药剂混合对处理效果的影响............................................................ 42 
4.1.1 飞灰稳定化处理.................................................................................. 42 
4.1.2 重金属浸出毒性检测.......................................................................... 43 
4.1.3 结果与讨论.......................................................................................... 43 
4.2 不同性质药剂混合对处理效果的影响........................................................ 44 
4.2.1 飞灰稳定化处理.................................................................................. 44 
4.2.2 重金属浸出毒性检测.......................................................................... 45 
4.2.3 结果与讨论.......................................................................................... 46 
4.3 单种药剂及多种药剂稳定法在五个城市的应用探讨................................ 48 
4.4 本章小结........................................................................................................ 51 
第 5 章 添加重金属在飞灰稳定化中的研究 ........................................ 53 















5.1.1 实验设计.............................................................................................. 53 
5.1.2 实验结果与讨论.................................................................................. 55 
5.2 本章小结........................................................................................................ 57 
第 6 章 飞灰稳定的工厂化试验及讨论 ................................................ 59 
6.1 工厂化试验.................................................................................................... 59 
6.1.1 实验方法.............................................................................................. 59 
6.1.2 实验材料.............................................................................................. 59 
6.1.3 检测指标.............................................................................................. 60 
6.1.4 结果分析.............................................................................................. 60 
6.2 有机药剂稳定垃圾焚烧飞灰中的重金属机理探讨.................................... 62 
6.2.1 有机药剂的特点.................................................................................. 62 
6.2.2 稳定重金属的原理.............................................................................. 62 
6.2.3 稳定化处理飞灰中重金属的有机药剂的合理使用方法.................. 64 
6.3 实际应用探讨................................................................................................ 64 
第 7 章 结论与展望 ................................................................................ 66 
7.1 结论................................................................................................................ 66 
7.2 本文创新点.................................................................................................... 67 
7.3 研究展望........................................................................................................ 67 
参考文献 .................................................................................................. 69 

















Abstract (in Chinese) .................................................................................. I 
Abstract (in English) ................................................................................. III 
Chapter 1 Introduction ................................................................................ 1 
1.1 Background ....................................................................................................... 1 
1.1.1 Generation and treatment of municipal solid waste (MSW) .................. 1 
1.1.2 Generation of fly ash ............................................................................... 2 
1.1.3 Harm of fly ash ....................................................................................... 2 
1.2 Literature review ............................................................................................... 4 
1.2.1 Characteristic of fly ash .......................................................................... 4 
1.2.2 Leaching of fly ash composition ............................................................. 6 
1.2.3 Evaluation method of fly ash leaching toxicity ...................................... 6 
1.2.4 Relevant policies and regulations of fly ash disposal ............................. 9 
1.2.5 Waste buring fly ash stabilization technology status quo ..................... 11 
1.2.6 Comparison of chemical stability reagents ........................................... 19 
1.2.7 Using organic chemical stabilizing agents containing special genes 
(radical group) to deal with heavy metals in waste buring fly ash .............. 20 
1.3 Research purpose and content ......................................................................... 21 
1.3.1 Research purpose .................................................................................. 21 
1.3.2 Research content ................................................................................... 22 
Chapter 2 Materials and methods ............................................................. 24 
2.1 Experimental apparatus, medicine and subjects ............................................. 24 
2.1.1 Experimental apparatus and medicine .................................................. 24 
2.1.2 Experimental subjects ........................................................................... 24 
2.2 Experimental methods and approach .............................................................. 25 
2.2.1 Fly ash sample pretreatment experiment .............................................. 25 
2.2.2 Selection of stablizing chemicals .......................................................... 25 















2.2.4 Leaching experiments of heavy metal toxicity ..................................... 26 
2.2.5 Fly ash surface microstructure characterization ................................... 28 
2.2.6 Experiment design route ....................................................................... 28 
2.2.7 Heavy metal content detection and data analysis in the tested samples 
........................................................................................................................ 29 
Chapter 3 Single chemical stabilizing heavy metal study ........................ 32 
3.1 Sample’s pre-analysis treatment ..................................................................... 32 
3.2 Total heavy metal analysis in waste buring fly ash ......................................... 32 
3.3 Single chemical stabilizing treatment method ................................................ 33 
3.3.1 Stabilization of fly ash .......................................................................... 33 
3.3.2 Leaching toxicity of fly ash .................................................................. 34 
3.4 Experimental results and analysis ................................................................... 36 
3.4.1 Analysis on stablization results of Xiamen fly ash sample treated by 
four medicines ................................................................................................ 36 
3.4.2 Analysis for change of mole ................................................................. 39 
3.4.3 Treatment effects and analysis .............................................................. 40 
3.5 Chapter summary ............................................................................................ 40 
Chapter 4 Various chemicals’ combination stabilizing heavy metal study
 ................................................................................................................... 42 
4.1 The impact of the mix of the same properties medication on treatment effcet
............................................................................................................................... 42 
4.1.1 Stabilization of fly ash .......................................................................... 42 
4.1.2 Test for heavy metal leaching toxicity .................................................. 43 
4.1.3 Experimental results and analysis ......................................................... 43 
4.2 The impact of the mix of different properties medication on treatment effect44 
4.2.1 Stabilization of fly ash .......................................................................... 44 
4.2.2 Test for heavy metal leaching toxicity .................................................. 45 
4.2.3 Experimental results and analysis ......................................................... 46 















method in five cities .............................................................................................. 48 
4.4 Chapter summary ............................................................................................ 51 
Chapter 5 Added heavy metals’ research in fly ash stabilizing ................ 53 
5.1 Artifical added heavy metals experiment ........................................................ 53 
5.1.1 Design of experiment ............................................................................ 53 
5.1.2 Experimental results and discussions .................................................... 55 
5.2 Chapter summary ............................................................................................ 57 
Chapter 6 Fly ash stabilizing factory experiment and discussion ............ 59 
6.1 Factory test ...................................................................................................... 59 
6.1.1 Experimental methods .......................................................................... 59 
6.1.2 Experimantal materials ......................................................................... 59 
6.1.3 Detection methods ................................................................................ 60 
6.1.4 Experimental results and analysis ......................................................... 60 
6.2 Mechanism study for organic chemicals stabilize heavy metals in fly ash .... 62 
6.2.1 Characteristics of organic reagent ......................................................... 62 
6.2.2 Principle for heavy metal stabilization ................................................. 62 
6.2.3 Reasonable method of using organic reagent to stabilize heavy metals 
in fly ash ..................................................................................................... 64 
6.3 Discussions for practical application .............................................................. 64 
Chapter 7 Conclusions and prospects ....................................................... 66 
7.1 Conclusions ..................................................................................................... 66 
7.2 Innovations ...................................................................................................... 67 
7.3 Research prospects .......................................................................................... 67 
Reference .................................................................................................. 69 
Acknowledgment ...................................................................................... 79 





































D-CSSH，对厦门飞灰中重金属的稳定化效果。4 种药剂的用量均采用 10 μmol/g、
20 μmol/g、40 μmol/g、60 μmol/g 等四种比例，利用醋酸溶液缓冲法（HJT/300
法）评价飞灰中重金属 Cr、Ni、Cu、Zn、Cd、Pb 的浸出毒性。结果发现，在以
醋酸为浸提剂，药剂用量 20 μmol/g 的条件下，有机药剂 A-CSSH 对 Ni、Cu 的
稳定化效果好，稳定化比率接近 100%；药剂 B-CSSH 对 Cr、Cu、Cd 的稳定化
效果好，其中对 Cu 的稳定化比率接近 100%；药剂 C-PSSH 对 Pb 的稳定化比率






















的情况下，研究结果表明，与单种有机药剂 B-CSSH 相比，Cr 的稳定化率提高
了 68.72%，而 Cu、Cd、Zn 的稳定化率都提高至 100%，故在向飞灰中加入有机




























As the rapid development of social economy, urban garbage increases year by year, 
having reached 164 million tons by 2011, which is still growing at the rate of 8% per 
year. Incineration as a method of dealing with municipal solid (domestic) garbage 
owns the advantages such as obvious volume reduction and weight loss, 
heat-recyclable, making that way being widely used. There have been around 90 
garbage incineration plants built in china before 2011, and most of them concentrated 
much more developed cities. Waste incineration scale up to 74,000 tons per day, 
almost accounting for 17.2% of garbage harmless treatment. Meanwhile, the flying 
ash as collected material caused by waste incineration accounts for about 2%-5% of 
the dry weight of the whole garbage, and the capacity of hazardous waste landfill has 
been unable to meet the rapidly growing amount of flying ash. Therefore, it has been 
paid more and more attention how to make the flying ash-processing place be 
changed from hazardous waste landfill to sanitary landfill thereby reducing the burden 
of hazardous waste landfill, which lies in the governance of heavy metals. 
This experiment is based on the standard principles as stabling heavy metals by 
chemical stabilization act, to study about the leaching toxicity of six heavy metals 
(such as Cr, Ni, Cu, Zn, Cd, Pb) abstracted from flying ashes of garbage incineration 
of five cities (Xiamen, Fuzhou, Chongqing, Wuhan, Kunshan), and make 
development of pharmaceutical formulations for heavy metals. At the beginning, it is 
investigated the effects that the four organic agents (A-CSSH, B-CSSH, C-PSSH, 
D-CSSH) do on the heavy metal stabilization of fly ash from garbage incineration, 
while learn how the treatment effects changes with the amount of reagent, then get the 
optimal pharmaceutical amount and stability conditions through comparison. Second, 
this study learn about the effects that mixed organic agents or mixed organic agents 
and inorganic agents do to heavy metal stabilization from waste incineration. Finally, 
in order to guarantee the treatment effect the elected optimal pharmaceutical agents do 
to flying ashes, this study try to figure out the effects through artificially adding heavy 















the characteristics change of the surface of fly ash and stability mechanism before and 
after the stabilization are done, and put forward the recommendations of further 
processing. Where in the main research including:  
At first, using the technique of stabilizing heavy metals through single 
pharmaceutical agent to investigate the ratio relationship between total moles of 
heavy metal from initial leaching solution and dosage of the agents, study out the 
effects that four organic agents (A-CSSH, B-CSSH, C-PSSH, D-CSSH) do to 
stabilization of heavy metals in fly ash from Xiamen. And these four agents are all 
used with different four proportions of 10 μmol/g, 20 μmol/g, 40 μmol/g, 60 μmol/g, 
to judge the leaching toxicity of the heavy metals (Cr, Ni , Cu, Zn, Cd, Pb) from fly 
ash using the acetic acid buffer method (HJT/300 method). It is found that under the 
condition of using acetic acid as leaching agent, when the pharmaceutical dosage is 20 
μmol/g, the stabilizing effect the organic agents A-CSSH doing to Ni, Cu is best, and 
the stabilization ratio is close to 100%, while the B-CSSH doing to Cr, Cu, Cd is best 
and the stabilization ratio to Cu is close to 100% and the stabilization ratio C-PSSH 
doing to Pb is close to 100%. The affinity between these four pesticides and these six 
heavy metals stands in order is substantially as Cu>Pb>Ni>Cr>Cd>Zn; under the 
condition of ideal stability effect, the ratio of dosage of agents and the number of 
moles of the heavy metals in the initial leaching solution is about 5, and when the 
dosage is more than 10 times than the beginning, the stabilizing effect is inversely 
proportional to the dosage. 
Secondly, our experiment innovatively design the method for stabilizing heavy 
metals by using variety of pharmaceutical mixed, including mixing organic agents of 
the same nature and mixing the inorganic agents with organic ones, to further 
optimize the pharmaceutical formulations and lower the processing costs.  
When mixing the organic agents of the same nature, these agents will get rejection 
action against each other, greatly reducing the efficiency of the stability of the heavy 
metal. Under the condition of the inorganic agents mixed with organic agents, the 
result shows that the stable rate of Cr increased by 68.72% compared to the condition 















to 100%, so adding Na2S to fly ash before adding organic agents can be used as an 
effective replenish for increasing the stabilization rate of heavy metals. 
Finally, by artificially adding heavy metal to fly ash and factory-like test proves 
that the dosage resulted from single pharmaceutical stability test is technically and 
economically feasible. Compared with the conventional chemical stabilization 
technique, the new stable pharmaceutical formulations used in this study has the 
advantages as less dosage added, no added volume, high stabilization rate of heavy 
metals and less cost of pharmacy. Based on the achievement of past mechanism 
analysis of this, we discussed the mechanism of how organic agents steady the heavy 
metals. Scanned by the electron microscope, it is found that the pharmacy cover the 
surface of the fly ash crystal evenly after stabilization treatment, which made the 
edges of the mineral crystal become blurred. And recommendations for future 
recycling of heavy metals and process improvement are made. 
This study provide the necessary experimental data and theoretical basis for the 
establishment of the project about fly ash stabilization, at the same time it is desirable 
to make detect other harmful substances in the fly ash by much more advanced 
technology, and do more in-depth study about the stability mechanism. 
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度为 8%-9%，城市人均生活垃圾的产生量约为 450 kg-500 kg（纪涛, 2008），图
1-1 是近 5 年我国城市生活垃圾的清运情况。据中国统计年鉴资料，2011 年我国
城市生活垃圾的清运量约为 1.64 亿吨，各类垃圾无害化处理厂合计 677 座，全
年共计无害化处理垃圾约 1.31 亿吨，城市生活垃圾的无害化处理率达 79.7%。表





























图 1-1 我国城市生活垃圾清运情况 
Fig. 1-1 Municipal solid waste (MSW) delivering quantity in China 
 
表 1-1 我国城市生活垃圾处理现状（2009-2011） 
Table 1-1 The treatment level of MSW in China (2009-2011) 
处理方式 卫生填埋 焚烧 其它方式 
2009 2010 2011 2009 2010 2011 2009 2010 2011
处理厂数量（座） 447 498 547 93 104 109 16 11 21 
年处理量（万吨） 8898.6 9598.3 10063.7 2022 2316.7 2599.3 178.8 180.8 426.6






















国统计年鉴》数据，2011 年我国垃圾焚烧厂在主要分布省份的数量见表 1-2。 
 
表 1-2 2011 年我国部分省份垃圾焚烧厂发展情况 
Table 1-2 Development of reuse incineration plants in some provinces in China 
地区 全国 江苏 浙江 广东 福建 山东 
垃圾焚烧厂数量（座） 109 21 21 14 8 7 






《我国城市生活垃圾处理行业 2012 年发展综述》，2011 年及 2012 年我国新投入






垃圾质量的 3%-5%，甚至 10%-15%（王成艳等, 2009）；占子玉和刘阳生（2008）
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